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ABSTRACT
We consider the double-shock structure of ultra-relativistic flows produced by the
interaction of magnetized wind with magnetized external medium. The contact discon-
tinuity (CD) is a special point in the flow - density, kinetic pressure and magnetic field
experience a jump or are non-analytic on the CD. To connect dynamically the outside
region (the forward shock flow) with the inside region (the reverse shock flow) requires
resolving flow singularities at the contact discontinuity. On the CD the pressure is com-
municated exclusively by the magnetic field on both sides - the CD become an Alfve´n
tangential discontinuity. Thus, the dynamic amplification of the magnetic field leads to
a formation of a narrow magnetosheath. We discussed a possibility that particles emit-
ting early X-ray afterglows, as well as Fermi GeV photons, are accelerated via magnetic
reconnection processes in the post-reverse shock region, and in the magnetosheath in
particular.
1. Introduction
Many astrophysical phenomena, like pulsar winds, jets in Active Galactic Nuclei (AGNe)
and Gamma Ray Bursts (GRBs) involve interaction of ultra-relativistic magnetized outflow with
external weakly magnetized medium. In case of quasi-steady sources (pulsars and AGNe) the
wind’s (or the jet’s) dynamic pressure acting over time drives the region of interaction with external
medium to large distances, and correspondingly non-relativistic (or weakly relativistic) expansion
velocities. Interaction with relativistic pulsar wind with the non-relativistic wind environment has
been considered by Kennel and Coroniti (1984) (K&C below) and Emmering and Chevalier (1987).
GRBs are different: for approximately a day after the explosion the forward shock remains highly
relativistic. There are also observational indictions that the central source continues activity for
this time, and probably even longer, e.g., Chincarini et al. (2007). Models of the central source
- be it the black hole or neutron star (Metzger et al. 2011; Lyutikov 2013a) - prefer magnetized
winds.
In this paper we consider the interaction of the relativistic magnetized wind with posibly
magnetized external medium, Fig. 1. We assume that a long-lasting central engine creates a
fast magnetized wind that drives a relativistic shock into external medium (which can also be
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magnetized). At the same time, a reverse shock is launched in the wind. The main target of the
present study is the structure of the shocked wind region (region 2 in Fig. 1).
Fig. 1.— Cartoon of the model. The wind from the long-lasting central engine (region 1) passes
through the reverse shock (RS) and forms a shocked wind flow (region 2) - the flow within this
region is the main goal of the present study. The wind drives a forward shock (region 3) into ISM
flow; region 4 is the unshocked ISM.
2. Governing equations and boundary conditions
Assuming a spherically symmetric outflow with toroidal magnetic field, the relativistic MHD
equations read Anile (1989)
∂t
[
(w + b2)γ2 − (p+ b2/2)]+ 1
r2
∂r
[
r2(w + b2)βγ2
]
= 0 (1)
∂t
[
(w + b2)γ2β
]
+
1
r2
∂r
[
r2
(
(w + b2)β2γ2 + (p+ b2/2)
)]− 2p
r
= 0 (2)
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∂t [bγ] +
1
r
∂r [rbβγ] = 0 (3)
∂t [ργ] +
1
r2
∂r
[
r2ρβγ
]
= 0 (4)
where w is the enthalpy, b is the proper magnetic field and other notations are standard. We choose
to work consistently with proper quantities, i.e. measured in the plasma rest frame. One should
be careful in comparing our equation with K&C and Blandford and McKee (1976) (B&M below).
For highly relativistic outflows with Lorentz factor  1, following B&M we choose the self-
similar variable
χ = [1 + 2(m+ 1)Γ2](1− r/t) (5)
where Γ ∝ t−m/2 is the Lorentz factor of the forward shock. For a wind power scaling as Lw ∝ tq
and external density ∝ r−k, m = (2 − q − k)/(2 + q) (B&M). Particularly interesting cases are
constant energy source in constant density, k = 0, m = 1, and in external wind environment,
k = 1, m = 0.
The following parameterization (B&M and Lyutikov (2002))
p = (2/3)Γ2n1mc
2f(χ)
γ2 =
1
2
Γ2g(χ)
n = 2
√
2Γn1n(χ)
b = Γb1h(χ) (6)
with the boundary conditions f(1) = 1, g(1) = 1, n(1) = 1 eliminates Γ(t) in the self-similar
equations (in the fluid case, b1 = 0; the case of magnetized external medium was considered by
Lyutikov (2002); this changes the normalization constants in Eq. (6)).
Assume that the external plasma is weakly magnetized, so that the flow between the forward
shock (FS) and the contact discontinuity (CD) is mostly described by the B&M solution. (This will
not be true near the CD even for infinitesimally small magnetic field in the circumburst medium,
see Lyutikov (2002) and §4.) In the self-similar coordinate χ the MHD equations (4) read Lyutikov
(2002)
A
g
∂ ln f
∂χ
=
3h2(3g(m− 2)χ− 4m+ 4)− 2f(gχ− 2)(g(m− 4)χ− 8m+ 8)
(m+ 1)(gχ− 2)
A
g
∂ ln g
∂χ
=
9h2(m− 1)− 2f(g(m+ 2)χ− 7m+ 4)
m+ 1
A
g
∂ lnh
∂χ
=
9h2(m− 1)(gχ− 2)− 2f (g2(m− 4)χ2 + g(8− 11m)χ+ 22m− 16)
2(m+ 1)(gχ− 2)
A
g
∂ lnn
∂χ
=
9h2(g(m− 3)χ− 2m+ 2)− 2f (g2(m− 6)χ2 + g(24− 11m)χ+ 22m− 24)
2(m+ 1)(gχ− 2)
A = 2f (g2χ2 − 8gχ+ 4)− 9gh2χ (7)
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It is convenient to change to a new variable x = gχ,
A∂ ln f
∂x
=
2f(x− 2)(m(x− 8)− 4x+ 8) + 3h2(m(4− 3x) + 6x− 4)
2(x− 2)
A∂ ln g
∂x
=
1
2
(
2f(m(x− 7) + 2(x+ 2))− 9h2(m− 1))
A∂ lnh
∂x
= −9h
2(m− 1)(x− 2)− 2f (m (x2 − 11x+ 22)− 4 (x2 − 2x+ 4))
4(x− 2)
A∂ lnn
∂x
=
2f
(
m
(
x2 − 11x+ 22)− 6(x− 2)2)− 9h2(m(x− 2)− 3x+ 2)
4(x− 2)
A = f (m(x− 4) + x2 + 12x− 4)+ 9h2x (8)
Eqns (8) describe the double-shock structure of the magnetized wind-external medium envi-
ronment in self-similar coordinates chosen to match the unmagnetized part of the FS region. Our
goal is to extend the solutions to the magnetized shocked-wind part of the flow. Clearly, the contact
discontinuity, located at x = 2 is a special point of the equations (for density, kinetic pressure and
magnetic field, but not for the Lorentz factor). This creates, in the case of non-zero magnetic field,
a mathematically subtle problem. Resolving the behavior of the flow functions at this special point
is the main topic of the paper.
3. Magnetized wind flow
3.1. Can the flow between RS and the CD be self-similar?
The flow between the FS and CD is self-similar, as established by B&M. In case of power
supplied continuously by the central source, should the corresponding flow between the RS and the
CD be self-similar as well? This is a subtle question. First, the solutions in the RS region cannot be
resolved starting from the RS in a way similar to the FS case. In the case of the FS, the post-shock
pressure, density and the Lorentz factor scale as p ∝ nextΓ2FS , n ∝ nextΓFS , γpost−shock ∝ ΓFS ;
expansion in ΓFS  1 then leads to the self-similar B-McK solution. In the case of the reverse
shock the scaling are strikingly different. If reverse shock (RS) moving with ΓRS(t), the wind’s
Lorentz factor is γw (all in observer frames), wind rest-frame density is nw and the post-shock
velocity in the frame of the RS is β′RS (see Eq. (15)), then the post-RS scalings are
ppost−RS ∝
(
γw
ΓRS
)2
nw
npost−RS ∝ γw
ΓRS
nw
γpost−RS ∝ ΓRS
√
1 + β′RS
1− β′RS
(9)
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The above scalings, especially for γpost−RS , are drastically different from the FS case. This implies
that the self-similar solutions cannot be dexrived starting from the RS - it is the connection to
the self-similar flow in the FS region that makes the flow in the RS self-similar. Thus, in order to
calculate the structure of the RS region we need to understand how to pass the special point - the
CD.
3.2. Connecting FS and RS flow - passing through the special point at the contact
discontinuity
Let us connect the unmagnetized flow on the outside of the CD with the shocked magnetized
wind inside of the CD. In the non-relativistic case this was discussed by Rosenau and Frankenthal
(1976) (we denote “outside”, with − subscript, the outside part corresponds to x < 2), and “inside”,
with + subscript, as a RS flow). In the fluid case the self-similar variable can be extended to the
RS region, yet the density profile does not need to connect between the RS and FS regions. In the
magnetized case then the question is how magnetic and kinetic pressure on the inside of the CD,
at x = 2+ combine to match the kinetic pressure on the outside, at x = 2−?
The two fluids on both sides of the CD should be in pressure balance and continuous velocity
across the CD, but density, magnetization and kinetic pressure can have a jump. On the inside (in
the RS region), the equations (8) close to the CD simplify
∂ ln f
∂x
=
3h2(m− 4)
2(x− 2) (f(m− 12)− 9h2)
∂ ln g
∂x
=
2f(5m− 8) + 9h2(m− 1)
4 (f(m− 12)− 9h2)
∂ lnh
∂x
=
(m− 4)f
(x− 2) (9h2 − f(m− 12))
∂ lnn
∂x
=
2fm+ 9h2
(x− 2) (18h2 − 2f(m− 12)) (10)
The pressure balance and continuity require
f− = f+ + h2+/2
g− = g+ (11)
where f− and g− are given by the fluid solutions (A3) evaluated at x = 2.
The system (10) has an integral of motion (if k +m 6= 4)
f+ + 3h
2
+/4 = (3/2)f−(2) (12)
where f− is the kinetic pressure in the unmagnetized outer part.
– 6 –
If we assume that on the inside boundary a fraction α of pressure is contributed by kinetic
pressure,
f+ = αf−
h+ =
√
2f−(1− α), (13)
then condition (12) and the pressure balance (11) require α = 0 - kinetic pressure must vanish on the
inside of the CD. Thus, we demonstrated that even a small magnetic field in the wind fully balances
the outside pressure on the CD. Similar result has been obtained in case of magnetized outside
medium, Lyutikov (2002). Non-relativistic case has been discussed by Rosenau and Frankenthal
(1976); Emmering and Chevalier (1987).
In order to continue the flow through the CD we need to find the behavior of the flow functions
near the CD, and then make a small step away (into the inside part) from the CD. By equating
the corresponding powers for x→ 2+ in (10) we find
f+ = f0(x− 2)(4−m−k)/6
n+ = n0(x− 2)(2−k)/4
h ∝
√
2f0− − (4/3)f+ (14)
Thus, for m + k < 4 the pressure f is zero inside of the CD: all the pressure is magnetic. For the
special case k = m = 2, we find f ∝ h4/3, so that both kinetic and magnetic pressures on the CD
must be non-zero, with the separation between magnetic and kinetic pressures depending on σw,
Appendix B. For the wind environment k = 2 it is then required that m < 2.
Relations (14) allow us to step away from the CD. The two new constants f0 and n0 are
determined (at this point implicitly) by the properties of the RS and, in turn by the wind particle
and magnetic fluxes.
Let us summarize the conditions on the CD. In magnetized case the Lorentz factor remains
continuos through CD, kinetic pressure on the inside (magnetized part) is zero, but its derivative
diverges, magnetic field on the inside balances the kinetic pressure on the outside. Thus, in mag-
netized case, two functions - f and n cannot be continued through the CD; the magnetic field is
finite on the CD and can be integrated inwards.
3.3. Finding wind properties and location of the RS in terms of integrations
constants f0 and n0.
Above, we have discussed that inside on the CD plasma pressure and density experience non-
analytic behavior, so that they cannot be continued from the FS region. Relations (14) allow us to
step away from the CD. The two new constants f0 and n0 are determined (at this point implicitly)
by the properties of the RS and, in turn by the wind particle and magnetic fluxes.
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In the RS frame the Lorentz factor of the post-RS flow is (K&C)
γ′RS =
√
1 +
8σ2w + 10σw + 1
16(σw + 1)
+
√
64σ2w(σw + 1)
2 + 20σw(σw + 1) + 1
16(σw + 1)
≈
{
3
2
√
2
, σw  1√
σw, σw  1
(15)
where σw is the wind magnetization; prime in γ
′
RS indicates that this is the Lorentz factor of the
post-RS flow in the frame of the RS.
Using relations
Γ2RS = Γ
2
FS/χRS (16)
we find that in the observer frame the post-RS flow satisfies
γpost−RS = ΓFS
(1 + β′RS)γ
′
RS√
χRS
≡ ΓFS
√
g(χRS)/2 (17)
Thus, RS is located at
xRS = g(χRS)χRS = 2
1 + β′RS
1− β′RS
=
{
4, σw = 0
8σw, σw  1 (18)
Next, let the wind move in the laboratory frame with Lorentz factor γw (and four-velocity
uw), have rest-frame magnetic field bw. Using magnetized shock conditions (K&C), Eq (15), the
post-RS quantities are (denoted by subscript post−RS)
bpost−RSupost−RS = bwuw
ppost−RS =
nwu
2
w
4γ′RSu
′
RS
ησ
ησ =
(
1 + σw(1− /β′RS)
)
σpost−RS =
b2post−RS
wpost−RS
=
σw
ησ
=
{
2σ σ  1
3σ σ  1 , (19)
see Fig. 2. Thus, for a given σw we know the expected location of the RS (18) and the post-RS
magnetization (19).
We then construct a numerical scheme that:
• for a givenm and k calculates the thermal pressure and the Lorentz factor in the unmagnetized
portion of the shock, at x = 2−.
• On the inside part of the shock uses scalings (14) with some n0 and f0 to step away towards
inside, x > 2 from the CD. This involves two constants n0 and f0; n0 is just an overall
normalization of density, but f0 depends on the wind magnetization σw.
– 8 –
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Fig. 2.— Post-RS magnetization as function of wind magnetization.
• For a given f0 in the scaling of the kinetic pressure on the inside of the CD and given
h(CD+) =
√
2f(CD−) (balancing magnetic pressure n the inside and kinetic pressure on the
outside the code integrates Eqns. (8).
• The local σ-parameter in the flow is give by σloc = 3h2/(8f).
• We then calculate, inverting (19) what σw would that local σloc correspond to
• Using the calculated σw we estimate, using (18), what at what xRS that σw should be
• The procedure is run until the local xRS coincides with the expected xRS calculate above.
When a convergence in the above procedure is reached - we have determined the value of the
magnetization in the wind σw and the location of the RS for an initial trail value of f0.
In Fig. 4 we compare the expected location of the shock for a given σ with the one calculated
the procedure described above. As expected, in the limit σ → 0, xRS → 4. This good agreement
serves as one of the test of our numerical procedures.
Next, we need to determine the wind density nw and Lorentz factor γw. So far we have
determined the location of the RS, xRT , and the parameter f0 (normalization of the kinetic pressure,
– 9 –
as a function of wind magnetization. The density at the RS should equal the post-shock density,
nRS/next = 2n(χRS)nw
γw
γ′RS
(20)
(we assumed uw ∼ γw and similarly for uRS). Combining this with the expression for pressure (19),
we find
nw
next
=
3(β′RS + 1)
2gRSησn
2
RS
2β′RSfRSxRS
(21)
γw
ΓFS
=
4β′RSγ
′
RSfRS
√
xRS
3(β′RS + 1)
√
gRSησnRS
(22)
To clarify, β′RS , γ
′
RS and ησ are parameters determining the structure of the magnetized shock in it
rest-frame, (K&C, Eqns. (15) and (19)), parameters xRS , gRS and fRS (as well as σw) have been
calculated previously.
The relation for nRS involves the integration constant n0, Eq. (14). Then Eq. (21) determines
this integration constant in terms of the physical ratio nw/next. Since the constant f0 is already
determined by the magnetization, the condition (22) then determines γw/ΓFS .
For example, in case of zero wind magnetization, σw = 0, β
′
RS = 1/3, ησ = 1, xRS = 4, we find
nw
next
=
2gRSn
2
RS
fRS
γw
ΓFS
=
fRS√
2gRSnRS
(23)
where values nRS , fRS and gRS are determined by (A3).
In Fig. 4 we plot flow variable h, g, f and h2/2. Qualitatively, for small wind magnetization,
σw ≤ 1, the magnetic field within the shock wind flow increases towards the CD. For m = 1 and
σ ≥ 1, the magnetic field and the Lorentz factor remain nearly constant, as predicted by analytics,
Eq. (26)
We also point out that for the simples case of k = 0, m = 1 Eqns. (8) have a first integral
Z3 = log
1771561 112/7ex2+2x−83x x(x+ 2)5
16 25/7(7x+ 8)44/7
+ 2
2(x+ 2)
(
x2 + 13x− 8)
3x(7x+ 8)
f(Z3) + h(Z3)
2 − 2f(2−) = 0 (24)
We have verified that our numerical procedures conserve the first integral (24) to a precision of the
order of ∼ 1%.
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Fig. 3.— Comparison of the predicted locations of the RS in the self-similar coordinate x, Eq. (18),
dashed line, with the numerically calculated (solid line).
3.4. Magnetically-dominated RS
As a special case, consider a highly magnetized ejecta. This could be astrophysical interesting
case, as the energy supply in long-lived GBR central sources is expected to be in a form of highly
magnetized wind produced either by the central black hole or magnetar, e.g., Metzger et al. (2011);
Lyutikov (2013a). Neglecting kinetic pressure, f → 0, we find
(lnn)′ = −k(3x− 2) + 2m(x− 2)− 6x+ 4
8(x− 2)x
(ln g)′ = −k + 2m− 2
4x
(lnh)′ = −k + 2m− 2
8x
(25)
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Fig. 4.— Self-similar structure of magnetized termination shock for different temporal profiles m,
external density profiles k and different wind magnetizations σ. The forward shock is at x ≡ χg = 1,
the contact discontinuity is at x = 2 (left vertical lines), the position of the reverse shock depends
on flow magnetization (right vertical lines). In all case the normalization of density n is the same
(it is an independent function that does not affect evolution of other quantities). In all cases kinetic
pressure f is zero on the inside, at x = 2+, while magnetic pressure h
2/2 balances the FS pressure
f(x = 2−). Generally, magnetic field pressure increases towards the CD.
– 12 –
Fig. 5.— Example of continuous analytical solution for unmagnetized flow m = 0, k = 0 (red
dashed curves) and the weakly magnetized shocked wind, σw = 10
−2, xRS = 4.11.
with solutions
n ∝ (2− x) 2−k4 x 18 (−k−2m+2)
g ∝ x 14 (−k−2m+2)
h ∝ x 18 (−k−2m+2) (26)
(In this case the FS is formally at infinity.) For m = 1, k = 0 (the case of constant luminosity source
in constant density environment) the flow has constant Lorentz factor and constant magnetic field.
Our numerical results, Fig. 4, are in agreement with this limiting case.
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4. Magnetized outside medium: formation of magnetosheath
The case of magnetized external medium was considered by Lyutikov (2002). Let us briefly
re-derive the main result here. In case of magnetized outer region, the CD is located at Lyutikov
(2002)
x ≈ 2 + 6σext (27)
with
h(1) = 2
√
2σext (28)
For consistency, instead of changing the x coordinate of the CD, we shift a bit the location of the
FS for the weakly magnetized external medium to xFS = 1− 6σext.
Similar to the reverse shock flow (see also Lyutikov (2002)), the pressure balance and continuity
require on the CD
f− + h2−/2 = CCD = f+ + h
2
+/2
g− = g+ (29)
where CCD is some constant.
The system (10) has an integral of motion (if k +m 6= 4)
f± + 3h2±/4 = (3/2)CCD (30)
If we assume that on the each boundary a fraction α± of pressure is contributed by kinetic
pressure,
f± = α±CCD
h± =
√
2CCD(1− α±), (31)
then condition (30) and the pressure balance (29) require α± = 0 - kinetic pressure must vanish on
both sides of the CD.
Note a very different behavior of the density on the CD in the fluid case, n ∝ (2− x) k−mm−12 and
with even small magnetic field, Eq. (14). For example, in case of a wind and constant luminosity
source (k = 2, m = 0) density becomes infinite on the CD in the fluid case, n ∝ (2− x)−1/6, but is
finite, n ∝ (2− x)0 in the magnetized case. Similarly, for k = m = 0 density is finite on the CD in
the fluid case, but becomes zero for the (weakly) magnetized case, Fig. 6.
The full structure, magnetized FS and RS, for the case of constant wind in constant external
medium, m = 1, k = 0, is pictured in Fig. 7. Importantly, the magnetic field dominates over the
plasma pressure on both sides of the CD.
Finally, let us comment on the relative behavior of the density and the magnetic field on the
CD. Neglecting effects of the magnetic pressure, h2 → 0, we find that close to the CD, at gχ = 2,
– 14 –
Fig. 6.— Structure of forward shock for m = 0, k = 0; unmagnetized flow (red dashed curves)
and the weakly magnetized external medium wind, σext = 10
−2. The location of the CD is fixed
at x = 2; in the fluid case the FS is at xFS = 1, in the magnetized case it is at xFS = 1 − 6σext;
h(xFS) = 2
√
2σext
the evolution of density and magnetic field obeys
∂χ ln
n
h
=
m− k
k +m− 4 , (32)
Thus, only for positive m− k the density increases with increasing magnetic field.
– 15 –
Fig. 7.— Self-similar structure of magnetized flow between the FS and the RS for constant power
source in constant density environment (m = 1, k = 0) in coordinate x = χg. Location of the CD
is fixed at x = 2. Red dashed lines are solution for fluid case, h = 0, solid black is for magnetized
case in the FS region, solid blue is for magnetized RS flow. In this case the FS is located at x = 1,
RS at x = 4, density is zero on the CD, while the Lorentz factor and the pressure are continuous.
Solid lines are the solution for magnetized FS and RS flow. FS is located at x < 1. External
magnetization is σ = 10−2, the wind magnetization is σw = 0.1. Though magnetization parameter
is small in the bulk of both the FS and the RS flows, it is dominant on the CD - kinetic pressure
is zero on both sides of the CD. In the RS region the normalization of density is arbitrary. Small
mismatch of the Lorentz factor on the CD is a numerical artifact of locating the FS.
– 16 –
5. Reconnection at the magnetosheath
5.1. The role of reconnection in astrophysical high energy sources.
Recently, a number of observations question the dominant paradigm of shock acceleration
in astrophysical high energy sources, like Pulsar Wind Nebulae (PWNe), Active Galactic Nuclei
(AGNe) and Gamma Ray Bursts (GRBs). Particularly important was a detection of Crab flares
(Abdo et al. 2011; Tavani et al. 2011; Buehler et al. 2012). The Crab Nebula is the paragons of
other astrophysical sources - models of AGNe and GRBs use the unipolar inductor paradigm - they
are driven by highly magnetized rotating compact sources (e.g., Blandford and Znajek 1977; Usov
1992; Lyutikov 2006a; Komissarov and Barkov 2007; Thompson et al. 2004; Lyutikov et al. 2003).
The reconnection models developed for Crab flares might/should be applicable to magnetized jets
of AGNe and GRBs.
Magnetic reconnection can lead to explosive release of magnetic energy, e.g. in solar flares.
However, properties of plasma in the Crab Nebula, as well as magnetospheres of pulsars and
magnetars, pulsar winds, AGN and GRB jets and other targets of relativistic astrophysics, are very
different from those of more conventional Solar and laboratory plasmas (Lyutikov and Lazarian
2013). The physics of particle acceleration in relativistic current sheets has been addressed in
a number of recent studies (e.g., Bessho and Bhattacharjee 2012; Guo et al. 2015; Deng et al.
2015; Lyutikov et al. 2016, and others). All these work explore somewhat different aspects of
reconnection in highly magnetized plasma, but they generally agree on the following points: (i) in
nearly ideal plasma the current sheet becomes unstable to formation of plasmoids (Loureiro et al.
2007; Uzdensky et al. 2010) that are ejected with near- Alfve´n velocity - in highly magnetized plasma
σ ≥ 1 the ejection can be relativistically fast; (ii) reconnection does produce power law distribution
of accelerated particles, with the spectrum reaching p = 1 for highly magnetized set-up σ  1 Guo
et al. (2014); Werner et al. (2016); Lyutikov et al. (2016).
5.2. Magnetosheath - formation of magnetized depletion layer near the CD
Creation of highly magnetize layer near a CD (the magnetopause) discussed in this work is not
specific to GRB outflows - it is a well known phenomenon in space physics Spreiter et al. (1966);
Alksne (1967). In the highly magnetized region plasma density is depleted Zwan and Wolf (1976).
There are evidence of magnetic reconnection in the magnetosheath between the Solar wind and the
Earth’s magnetic field. In astrophysical applications Kulsrud et al. (1965) considered a supernova
explosion in magnetized mediums and concluded that near the CD the “magnetic field is large no
matter how small its interstellar value” (see also Lyutikov and Pohl 2004; Lyutikov 2006b)
In case of GRBs the formation of highly magnetized boundary layer in the FS region has been
discussed previously by Lyutikov (2002); in this paper we demonstrated that in the RS region the
pressure is mediated by the magnetic field as well. Thus, the kinetic pressure becomes zero on both
– 17 –
sides of the CD no matter how small the magnetic field is in the bulk. It is the thickness of the
magnetosheath that depends on the magnetic field in the bulk.
Formally, the magnetization becomes infinite on the CD, Fig. 8. We expect that plasma
instabilities will limit. Since plasma in relativistic flows is expected to be highly collisionless,
relativistic double-adiabatic theory is more relevant near the CD Gedalin (1991). It is expected
that the development of firehose and mirror instabilities Gedalin (1993) will heat the plasma and
will limit σ ≤ few.
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
0.5
1
5
10
x
σ post-R
S
Fig. 8.— Local magnetization in the shocked wind flow, starting with σw = 0.1 for k = 0, m = 0, 1, 2
(top to bottom)
5.3. Reconnection at the magnetosheath: energetic considerations
The magnetic fields in the external medium and in the wind are generally not aligned. Thus
the CD become a tangential discontinuity, where the magnetic field experiences a jump in direction.
The plasma is electron ion on the FS side, while it can be purely pair plasma on the RS side. Since
near the CD the magnetic field is amplified while plasma is heated to the state of near equipartition
w ∼ B2/(8pi) (where w is rest-frame enthalpy), we expect that the tangential discontinuity has a
– 18 –
size of the order of the Larmor radius and of the skin depth. We expect that highly collisional
plasmas become highly dissipative when the field changes on the scale of Larmor radius and/or
skin depth Guo et al. (2014). This will set-up a reconnection layer on the CD. The reconnecting
plasma has σ ∼ few on both side, but one side is electron-ion while the other could be a pair
plasma. As reconnection proceeds, more magnetic energy is brought to the reconnection layer.
The reconnection layer is expected to break into plasmoids Loureiro et al. (2007); Uzdensky et al.
(2010), which will be ejected ejected with mildly relativistic velocities.
Let’s estimate how much magnetic energy is available near the CD. Since we consider recon-
nection between the external and internal media, the amount of energy available will be determined
by the smaller flux (between the wind and the swept-up material). The magnetic flux produced
by a central source with luminosity Lw in time t, ΦBs ∼
√
Lwct, is typically much larger than
the swept up magnetic flux. Thus, energy budget is determined by the external flux. Let us next
estimate the magnetic energy in the swept-up material. If the external magnetic field is Bex, then
at time t the total swept-up flux is
ΦBex = pi(ct)
2Bex (33)
Near the CD magnetic field is highly amplified. It is expected that the development of in-
stabilities in the collisionless plasma (mirror, firehose, and cyclotron) will limit the local plasma
magnetization to σ ∼ few. Let us assume that the compression of the magnetic field saturates at
equipartition. The equipartition field in the flow frame is
B′eq ∼ Γ
√
32pic2ρext; (34)
It is Γ times higher in the lab frame
Beq ∼ Γ2
√
32pic2ρext = 3× 104G√nex
(
Γ
300
)2
(35)
Equating the swept-up flux (33) with the flux through a ring of radius (ct) and thickness ∆r, we
estimate the thickness of the magnetosheath in lab frame
2pi(ct)∆rBeq = ΦB
∆r
ct
=
√
σex
4
√
2Γ2
∆r
ctob
=
√
σex
16
(36)
where σex = B
2
ex/(4piρexc
2) = 5 × 10−11B2−6n−1. Thus, after ∼ 100 seconds of observer time all
the swept-up magnetic flux is connected in layer of only ≈ 7.5× 106 cm. (In the flow frame it is Γ
larger.)
Total magnetic energy per solid angle dΩ/(4pi) at time tob in our frame is
EB = 4pi(ct)
2∆r
B2eq
8pi
dΩ
4pi
= 1053erg
(
Bex
10−6G
)(
Γ
300
)8( tob
104s
)3( dΩ
10−3
)
∝ t1/3ob (37)
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where the last approximation assumes that the blast wave is powered by a constant luminosity
source. Note that energy (37) is larger than what a simple boost would have produced
EB,0 ∼ 4pi
3
Γ2
B2ex
8pi
(ct)3
dΩ
4pi
= 2× 1047erg, (38)
due to the fact that magnetic field is dynamically compressed at the CD.
Thus, there is enough magnetic flux swept-up to account for energetics of X-ray afterglows
and GeV emission.
5.4. Reconnection events in the magnetoheath
5.4.1. Quick X-ray flares from mini-jets
One of the most surprising results of Swift observations of early afterglows, at times ≤ 1 day, is
the ubiquitous presence of flares (e.g., Nousek et al. 2006; Gehrels and Razzaque 2013; Lien et al.
2016). The flares are very short, with the duration much shorted that the observer time since the
explosion tob., ∆t ∼ 0.1tob. This presents a challenge to the models, since even if emission generation
from a relativistic spherical shell located at radius R = ctem and propagating with Lorentz factor
Γ is switched-off instantaneously, the time delay for photons emitted at angles θ ∼ 1/Γ will be
∆t ∼ (R/c)/Γ2 ≈ tob. (39)
Relation (39) also offer a possible resolution of the problem of short flare duration (see Lyutikov
2006c), see Fig. 9. If an emitting region is moving with bulk Lorentz factor Γ, the observer time
at emission time tem is tob ∼ tem/Γ. But, if the emission region is moving with respect to the bulk
frame with γj ≥ 1, the effective Lorentz factor in the observer frame is
Γem ≈ 2γjΓ (40)
Thus, the observed duration is
∆t ∼ (R/c)/Γ2em ≈
tob
4γ2j
 tob (41)
This was one of the key points of the mini-jet model of Lyutikov (2006c), that observed duration can
be much shorter even for mild internal Lorentz factors (see also Giannios et al. 2009; Beloborodov
et al. 2011).
Clausen-Brown et al. (2011) calculated statistical properties of emission from mini-jets. It was
found that the distribution of observed fluxes f(F ) follows a power law f(F ) ∝ F−(q+1)/qdF ≈∝
F−1dF , where q = 3 + α (F ∝ −α is the Doppler boosting factor from the emission rest-frame to
the observer frame (Lind and Blandford 1985); this is a known result in the theory of AGN jets
(Urry and Shafer 1984)). Thus, rare bright events contribute significantly to overall emission.
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Fig. 9.— A cartoon of Crab-like flares/mini-jets produced by reconnection events in the highly
magnetized post-RS flow. Near the CD a highly magnetized magnetosheath forms on both side.
Reconnection events in highly magnetized plasma can be very efficient in accelerating non-
thermal particles (e.g., Lyutikov et al. 2016). Acceleration events can proceed explosively, with
exceptionally fast acceleration rates (so that the accelerating electric field is of the order of the
magnetic field), with particles reaching the radiative reaction limit.
5.4.2. GRBs and Fermi LAT photons: a chance for synchrotron
The detection of GRBs by the Fermi satellite (Abdo 2009) is an important probe of GRB
physics. The recent observation of the 95 GeV photon (125 GeV in rest frame) at ∼ 250 seconds
and 30 GeV (40 GeV in rest frame) at ∼ 35 ksec from GRB130427A (Ackermann et al. 2014;
Preece et al. 2014) is problematic if one tries to related the origin of LAT photons to synchrotron
emission (Lyutikov 2013b). There is a acceleration theory-independent upper limit on the frequency
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of synchrotron emission by radiation reaction-limited acceleration of electrons (Lyutikov 2010).
In astrophysics the effective accelerating electric field is a fraction η ≤ 1 of the magnetic field
(this is equivalent to acceleration on time scale of inverse cyclotron frequency 1/(ηωB,rel), where
ωB,rel = γ/ωB is relativistic cyclotron frequency of a particle). Equating the acceleration rate and
synchrotron energy losses,
ηeBc ∼ e
2
c
γ2ω2B (42)
the peak energy of synchrotron emission is then
′max ∼ ~
mc3
e2
≈ 100 MeV. (43)
Note, the upper limit (43) assumes the most efficient, non-stochastic, DC-type acceleration.
If the emitting plasma moves with a Lorentz factor Γ towards the observer, the observed
maximal frequency is ∼ 2Γmax. The Fermi photons come over times much longer than the duration
of the prompt emission. Assuming the Blandford and McKee (1976) scaling of the Lorentz factor,
we find
Γ ∼
(
Eiso(1 + z)
c5t3obmpnISM
)1/8
, max = 2Γ
′
max/(1 + z) (44)
where we introduced the cosmological factor (1 + z). The relation (44) puts a constraint on the
maximal synchrotron energy emitted at the observer time tob. The burst GRB130427A has particu-
lar tight constraints. If emission comes from the FS, then assuming Eiso = 10
54 erg and nISM = 1,
the maximum photon energy at tob = 3.5 × 104 sec is then ∼ 12 GeV. This is nearly 3 times
smaller than the observed photon energy. Also notice that max is very insensitive to the precise
values of Eiso and nISM = 1, max ∝ (Eiso/nISM )1/8. Thus, in the FS model either the isotropic
equivalent t energy should be 38 ≈ 6 × 103 times higher or density correspondingly lower. These
are unreasonable parameters (recall that this also assumes absolute maximum for the efficiency of
acceleration, η = 1 in Eq. (42)).
In contrast to the above limitations on synchrotron spectrum, Kouveliotou et al. (2013) es-
tablished that late (after few days) X-ray spectrum form a single continuous afterglow spectral
component from optical to multi-GeV. Kouveliotou et al. (2013) argued the emission mechanism is
synchrotron, which is at odds with the above considerations.
If we take arguments of Kouveliotou et al. (2013) that continuation of the spectrum implies
synchrotron mechanism, the photon energy excludes the FS. The mini-jet model can come to rescue:
in the mini-jet model in order to produce a 30 GeV photon it is required that γj ∼ 2. Such Lorentz
factors are not expected in the weakly magnetized FS region, where the sonic Lorentz factor is only√
3/
√
8 = 1.06. As we discussed, reconnection in the mildly magnetized post-RS flow and/or at
the magnetosheath, §5 can produce such motions.
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Fig. 10.— Upper limit of synchrotron emission from the forward shock and two LAT photons from
GRB130427A. The very late high energy photon, ∼ 35GeV at ∼ 35 ksec violates the upper limit
on the synchrotron emission.
6. Conclusion
In this paper we considered the self-similar double-shock structure of relativistic magnetized
outflows. Dynamically connecting outside region (the forward shock flow) with the inside region
(the reverse shock flow) requires resolving flow singularities at the contact discontinuity. We find
that for most astrophysically interesting cases the magnetic field in the reverse shock region fully
compensates the force balance across the contact discontinuity: density and kinetic pressures are
zero on the inside of the CD (and become so in a non-analytic way). Thus, density and pressures in
the reverse shock region are not related to the forward shock region. In order to find the asymptotic
scalings of pressure and density in the vicinity of the contact discontinuity we devised a scheme
that allows us to calculate the flow properties behinds the reverse shock as functions of wind power,
density and magnetization.
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We then discussed a possibility that particles emitting early X-ray afterglows, as well as Fermi
GeV photons, are accelerated via magnetic reconnection processes in the post-reverse shock region
of long-lasting central engine. X-ray plateaus are produced by the quasi-steady reconnection (or by
a collection of mini-flares), while the X-ray flares are produced by explosive reconnection events,
akin to Crab Nebula flares.
Previously, Lyutikov and Camilo Jaramillo (2017) discussed a possibility that early X-ray af-
terglows are produced in the reverse shock region of the long-lasting wind. The model of Lyutikov
and Camilo Jaramillo (2017) reproduces, in a fairly natural way, the overall trends and yet allows
for variations in the temporal and spectral evolution of early optical and X-ray afterglows. The
mechanism of particle acceleration was assumed to be at the reverse shock - here we propose accel-
eration via reconnection events in the shocked wind region. Since most of the observed properties
of the emission are dominated by relativistic kinematic effects, results of Lyutikov and Camilo
Jaramillo (2017) are generally applicable to the present model as well.
Especially important for reconnection events could be the region near the contact discontinuity,
where a highly magnetized region, magnetosheath, is formed on both sides. Very high energy GeV
photons could be of synchrotron origin, produced in relativistically moving exhaust mini-jets with
internal Lorentz factor ∼ a few.
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A. Unmagnetized case - exact solutions
Self-similar solution for the unmagnetized case are well known (B&M), but the possibility of
extending these solutions to the RS region has not been discussed - this is a somewhat tricky issue
as we discuss next. In the fluid case equations (8) simplify (B&M)
∂ ln f
∂x
=
m(x− 8)− 4x+ 8
m(x− 4) + x2 + 12x− 4
∂ ln g
∂x
=
m(x− 7) + 2(x+ 2)
m(x− 4) + x2 + 12x− 4
∂ lnn
∂x
=
m
(
x2 − 11x+ 22)− 6(x− 2)2
2(x− 2) (m(x− 4) + x2 + 12x− 4) (A1)
Close to the CD, x→ 2−, we find
∂ ln f
∂x
= − 3m
12−m
∂ ln g
∂x
=
8− 5m
2(12−m)
∂ lnn
∂x
=
m
(12−m)(x− 2) (A2)
Equations (A2) clearly demonstrate that the CD is the special point of the flow. There is no
singularity in the Lorentz factor g or pressure f , so that the two flow can always connect smoothly
velocity-wise. The equation for the density can have singularity at the CD for m 6= 0.
Equations (A1) can be integrated for m 6= 3 (m = 3 is the impulsive solution with no CD):
n = (2− x)− mm−12Z1
m
4
+ 6
m−12−1Z2
− m3+10m2−416m+1152
4(m−12)
√
m2+40m+160
f = Z1
m−4
2 Z2
− m(m+24)−64
2
√
m(m+40)+160
g = Z1
m+2
2 Z2
− m(m+28)+16
2
√
m(m+40)+160
Z1 =
(m+ 12)x− 4(m+ 1) + x2
3(3−m)
Z2 =
(
1 + m+14√
m2+40m+160
)(
1− m+2x+12√
m2+40m+160
)
(
1− m+14√
m2+40m+160
)(
1 + m+2x+12√
m2+40m+160
) (A3)
Solutions (A3) and the definition χ = x/g represent exact analytical solutions for the structure of
ultra-relativistic fluid shock waves. Note that the CD, located at x = 2, is the special point of the
density structure, but not pressure or Lorentz factor. Only in the special case of m = 0 the density
can be continuos on the CD
Note that addition of a weak, dynamically unimportant magnetic field breaks the self-similar
solutions (A3) even for m = 0. For weak magnetic field, neglecting terms ∝ h2, the magnetic field
– 27 –
evolves according to
h ∝ (2− x) 4−mm−12Z1
m2−14m+40
4(m−12) Z2
− m3+12m2−384m+704
4(m−12)
√
m2+40m+160 (A4)
with the derivative h′ ∝ (2− x)−2(8−m)/(12−m), diverging on the CD
B. Special case m = 2, k = 2
As we discussed above, the case m = 2, k = 2 is a special one - both the kinetic pressure f and
magnetic field can remain finite on the CD, with the ratio depending on external magnetization.
In this case equations (8) take the form
(lnn)′ = − 3
(
8f + 3h2
)
2 (f (x2 + 14x− 12) + 9h2x)
(ln f)′ = − 2
(
8f + 3h2
)
f (x2 + 14x− 12) + 9h2x
(ln g)′ =
(
4f(x− 4)− 9h2)
f (x2 + 14x− 12) + 9h2x
(lnh)′ = − 3
(
8f + 3h2
)
2 (f (x2 + 14x− 12) + 9h2x) (B1)
The CD is not a a special point, hence solutions can be extended throughout the CD. Following
the prescription in §4, for a given ration of pressures on the CD, 2f(2+)/h2(2+) = σ/(1 − σ) we
integrate the equations into the RS region, find the point where local magnetization matches the RS
shock conditions - this determines α(σw). In this case the density is not required to be continuos -
it ca experience a jump at the CD. The functions f and n are simplify related to h: ∝ h4/3, n ∝ h,
see Fig. 11. No that in all case magnetization increases towards the CD, Fig. 11.
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Fig. 11.— Flow functions and magnetization for the special case m = 2, k = 2. Normalization of
density (dot-dashed line) is arbitrary at x > 2. Dashed line is the total pressure, f + h2/2.
